We present a novel technique for the manipulation of the energy spectrum of hard-wall InAs/InP nanowire quantum dots. By using two local gate electrodes, we induce a strong electric dipole moment on the dot and demonstrate the controlled modification of its electronic orbitals. Our approach allows us to dramatically enhance the single-particle energy spacing between the first two quantum levels in the dot and thus to increment the working temperature of our InAs/InP singleelectron transistors. Our devices display a very robust modulation of the conductance even at liquid nitrogen temperature, while allowing an ultimate control of the electron filling down to the last free carrier. Potential further applications of the technique to time-resolved spin manipulation are also discussed. The metal-seeded growth of semiconductor nanowires (NWs) has emerged as a flexible and promising technology for the fabrication of self-assembled nanostructures, with a potential impact on innovative device applications [1, 2] . Different materials can be easily integrated inside individual high-quality single-crystal NWs, with significantly looser lattice matching constraints with respect to alternative growth techniques [3] [4] [5] [6] [7] . NW technology thus offers a unique research and development platform for what concerns both fundamental physics [8] [9] [10] [11] [12] [13] as well as scalable electronics [14] [15] [16] and photonics [17, 18] applications. NW-based single-electron devices -obtained either by using local gating or epitaxial barriers -have been so far one of the applications where this nanofabrication technology excelled, leading to device architectures where a control of electron filling down to the last free electron can be routinely obtained [9, [19] [20] [21] . While tightly-confined single-electron systems based on NWs have been extensively demonstrated [19] [20] [21] , their tunability has so far been limited and it has not been possible to indefinitely scale their dimensions and operating temperature because NWs with diameters below ≈ 20 nm quickly become insulating due to carrier depleted induced by quantum confinement. Various approaches to high-temperature Coulomb blockade, based for instance on ultranarrow etched Si wires [22, 23] , have been demonstrated in the past. The InAs/InP NW technology, however, still offers an unmatched level of control and flexibility for what concerns the dot properties as well as its electronic filling.
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Here we demonstrate that an electrical dipole moment can be used to easily manipulate the orbitals of an InAs/InP quantum dot and to dramatically modify its energy spectrum. In particular we show how the Coulomb gap separating the first two quantum levels in the dot can be continuously boosted up to about 75 meV. Our experimental approach demonstrates how the operating temperature of a single-electron transistor is not necessarily linked to the actual dimensions of the nanos- tructure and that, rather, strongly-confined electron systems and high working temperatures can be obtained even in devices based on NWs of easily-manageable dimensions. Perspectives of an all-electrical manipulation of wavefunctions and energy spectrum in InAs/InP quantum dots are discussed as well.
A prototypical device is depicted in Fig. 1 . InAs/InP NWs are deposited on a Si/SiO 2 (250 nm-thick oxide) substrate where they are contacted by aligned e-beam lithography (see Fig. 1a ). Wires are fabricated using a chemical beam epitaxy process seeded by metallic nanoparticles obtained from thermal dewetting of a Au thin film [6] . Growth is performed at 420 o C using trimethylindium (TMIn), tertiarybutylarsine (TBA), Our device architecture is designed to allow not only the control of the electron filling in the quantum dot, but also the manipulation of its orbitals and energy spectrum. This can be achieved by applying a relative bias between lg1 and lg2 and thus by adding an electrical dipole moment to the quantum dot potential and implement a quantum-confined equivalent of the Stark effect in atoms. Given the absence of surface depletion for InAs, we expect the dot potential landscape and energy spectrum to be strongly affected by the presence of a dipole moment. This is in contrast to more standard quantum dots defined by a smooth, approximately harmonic, confinement potential, whose energy spectrum would be hardly modified by this sort of perturbation. The effect of differential biasing of lg1 and lg2 is shown in Fig. 2 , comparing two Coulomb blockade scans obtained at T = 4.2 K for V 2 = 0 V (Fig. 2a) and V 2 = 4 V (Fig. 2b) . The two scans correspond to the last N free electrons in the dot [25] and the V 1 sweep range was adjusted in order to explore the same electronic fillings in both biasing configurations. In the following, our analysis will be based on the study of Coulomb gaps in the constant interaction approximation [26] . Gate voltage differences in the plots of Fig. 2a and 2b are converted into energies using ). The V1 scan range was adjusted in order to study the same filling configurations in both panels.
the lever arm α 1 = 15.7 ± 1.2 meV/V for gate lg1, which we measure by standard finite bias transport. In the left panel configuration (V 2 = 0 V), we estimate a charging energy e 2 /C Σ = 12.2 ± 0.9 meV (values extracted from the blockade regions at N = 1 and N = 3, blue regions), corresponding to a total capacitance C Σ = 13.1 ± 1.0 aF. From the Coulomb gap at N = 2 we can thus estimate the energy distance between the first two quantum levels in the dot ∆E = 16.8 ± 1.3 meV. Both energies increase when lg2 is biased to V 2 = 4 V and the lg1 scan range is adjusted accordingly: the charging energy becomes e 2 /C Σ = 13.3 ± 1.0 meV (C Σ = 12.0 ± 0.9 aF) while a significantly enhanced level spacing ∆E = 25.1±1.9 meV can be extracted from the data. This large change in ∆E can be understood as a consequence of the field-induced distortion of the electron orbitals in the quantum dot, as argued in details in the following.
In order to better understand and analyze the effect of an independent biasing of lg1 and lg2, we have performed a finite element electrostatic simulation of our device geometry using an electrostatic solver [27] . Figure 3 illustrates the main results of the simulation, which included a 50 nm-wide NW with relative dielectric constant r ≈ 15 and the dielectric SiO 2 substrate ( r = 3.9) and the two local gate electrodes lg1 and lg2. A differential bias V 1,2 = ±1V is applied to the two gates. As expected from the large dielectric mismatch between the NW and the surrounding vacuum, a relatively small field is actually transferred to the NW (see Fig. 3a and 3b): even if a rough estimate based on a parallel plate capacitor approximation would lead to a field of about 80 kV/cm (2 V over a 250 nm gap), barely ≈ 10 kV/cm are expected to fall on the InAs/InP electronic island. The angle color plot of Fig. 3c also shows that the field is, in good approximation, oriented horizontally: the average absolute angle between the electric field and the horizontal axis in the NW section is found to be ≈ 6.6
• . While one should always be aware of non-ideal aspects of real devices, in particular because of surface-induced disorder potentials, finite length of the gates and possible misalignments between the gates and the dot, results of this simulation will be used as a guideline to estimate the actual field experienced by electrons in the InAs/InP quantum dot.
The mechanism of level-spacing enhancement is analyzed in details in Fig. 4 , where we report the full evolution of the Coulomb blockade peaks as a function of V 2 (V 1 scans are incrementally shifted for clarity, by fixing the position of the first two conductance peaks) in comparison with predictions for the energy levels of the InAs/InP quantum dot in presence of an electric dipole moment. Experimentally, the Coulomb gap increases about linearly with the bias imbalance between the two electrodes lg1 and lg2 (Fig. 4a) . This is consistent with the effects of an electrical dipole on the dot energy levels,
Conductance (arb.units) as visible in Fig. 4b . In the plot we report the singleparticle energy spectrum -using the first level (E1) energy as a reference -for one electron confined inside an hexagonal InAs island with a 50 nm diameter (defined as the distance between two opposite hexagon flats) and a barrier-to-barrier distance of 16.6 nm. Following results of Fig. 2 , the calculation was performed [27] by adding the hard-wall dot potential to a uniform electrical field, oriented from one corner of the hexagon to the opposite one. This perturbation leads, not surprisingly, to a resolution of the intrinsic degeneracies of the hexagonal confinement (for instance, the one involving levels E2 and E3) and, in general, to an increase of the energy spacing between the dot levels. In particular a strong enhancement is predicted for the energy difference between E1 and the second level E2. This expectation can be compared with experimental data by looking at the evolution of the Coulomb gap at N = 2. The first two Coulomb peaks indeed correspond to transport through the two spin modes of E1, while the second two involve the E2 level. The calculated spatial wavefunctions of level E1 and E2 for a field of 100 kV/cm are also reported below the corresponding peaks of Fig. 4a . The energy distance between the first two levels has already been calculated based on data at the extreme values V 2 = 0 V and V 2 = 4 V shown in Fig. 2 and resulting values are used here as well. The approximate transverse field at N = 2 and V 2 = 0 V can be estimated to be ≈ 16 kV/cm, as one can calculate starting from results of Fig. 3 and considering that V 1 = −3.25 V at the center of the N = 2 blockade region. Such field value is ramped up to ≈ 60 kV/cm for the configuration V 2 = 4 V (V 1 = −7.42 V at the center of the N = 2 blockade region). Based on calculations reported in Fig. 4b , ∆E ≈ 17 meV and ∆E ≈ 27 meV would be expected for the V 2 = 0 V and V 2 = 4 V configurations, respectively. The observed enhancement of ∆E is thus quite consistent with the proposed interpretation. It is worth remembering that intrinsic limits to the studied gap enhancement mechanism exist. As also visible from the plot of Fig. 4b , the first energy gap can in principle only be increased up to the energy required to excite the second axial mode of the dot (for the chosen geometry, E8). The energy spacing between E1 and E8 is clearly unaffected by the electric dipole moment, which shifts in the same way both states, and thus constitutes an upper bound for ∆E. However, this limit can in principle be suitably loosened by designing a shorter quantum dot. Other factors that are expected to play an important role in a real device are Zener tunneling in the NW and dielectric breakdown phenomena, in general. A significant interband tunneling amplitude can surely hamper present analysis as it will invalidate the single-band approximation on which we base our interpretation in terms of conduction band quantum states. In particular, given the wurtzite InAs gap value (≈ 480 meV [28] ) our 45 ± 10 nm-wide NWs will start to accommodate a sufficient band banding to make interband tunneling possible at a field ≈ 100 kV/cm, even if quantum confinement effects are expected to substantially increase this threshold value. Differently, it is important to stress that in our experiment the dielectric breakdown field for bulk InAs (barely ≈ 40 kV/cm [29] ) is not expected, nor observed, to be crucial because of the lack of actual conduction in the field direction as well as because of quantum confinement and limited lateral dimensions of the NW in general.
Despite the discussed limitations, a significant ∆E enhancement can be obtained using the described technique. Figure 5 shows a set of high-temperature Coulomb blockade scans obtained on a different device where a bias V 2 = 12 V is applied on lg2 and N = 2 is observed at V 1 ≈ −18 V. Given results of the simulation of Fig. 3 , we estimate a field strength in the NW of ≈ 150 kV/cm, leading to a guess expectation ∆E ≈ 50 meV (see Fig. 5b N = 2 up to a temperature of T = 50 K (see Fig. 5a ) and a very robust modulation of the conductance survives above the liquid nitrogen temperature. Finite bias spectroscopy indicate a lever arm α 1 = 24.3 ± 3.1 meV/V and given the width of the N = 2 region of 3.15 V (from the G peak value V 1 = −19.45 V to −16.3 V, not visible in the plot) we can determine the Coulomb gap to be 76.5 ± 9.8 meV. This result can be cross-checked with thermally activated transport in the blockaded region N = 2. Figure 5b reports an Arrhenius plot of the conductance G at N = 2 at the mid point between the two consecutive Coulomb blockade peaks (G mid at V 1 = −17.87 V) as a function of the inverse of the temperature 1/T . Based on the weak-coupling approximation [26] , largely valid in the studied high-temperature regime, data points are expected to follow the scaling law
Experimental points indeed fall nicely on a linear fit with e 2 /C Σ + ∆E = 73.1 ± 4.5 meV, consistently with the estimate based on finite-bias transport.
In conclusion, we have demonstrated that the application of an electrical dipole moment to an InAs/InP nanowire quantum dot can be efficiently used to strongly modify its energy spectrum. The technique was exploited to enhance the Coulomb gap at N = 2 up to ≈ 75 meV and to significantly extend the device operating temperature. Well-developed blockade regions could be observed up to T ≈ 50 K and a very robust conductance modulation survives at the liquid nitrogen temperature. More in general, we argue that the proposed technique can be useful in order to achieve a full-electrical control of the energy spectrum of InAs/InP quantum dots, to tune its energy gaps and to induce or resolve orbital degeneracies. A similar manipulation of the electronic orbitals, obtained by coupling the orbitals to a magnetic field, was demonstrated in the past on epitaxial pillar dots [30] and allowed the investigation of fascinating many-body and spin phenomena in artificial few-electron systems. Achieving a similar control by means of an electrical field can thus open a new window of opportunity for the timeresolved manipulation of few-electron spin configurations in InAs/InP quantum dot systems.
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